Abstract − The effect of lift-off (i.e., air-gap) error in dual waveguide probe material characterization measurements is presented here. The mitigation of this error using a two-layer dyadic Green's function analysis is also discussed. Experimental results for gap scenarios of an electromagnetic shielding material are presented for validation purposes.
INTRODUCTION
Coaxial and waveguide probes have been studied for the past 30 years. Their uses include nondestructive material evaluation, subsurface crack detection, and even hyperthermia treatment [1] - [4] . Existing research has focused on obtaining the reflection coefficient, using a single probe, of an unknown material backed by a dielectric half-space or a perfect electric conductor (PEC). While this scenario is ideal for determining the dielectric constant of an unknown material, it suffers when one wants to also determine permeability because it lacks two (or more) independent measurements.
Several authors have developed techniques-most notably, two-thickness method, sample added method, and frequency varying method-to fill this single waveguide probe shortfall. These techniques, however, are not always applicable. A more suitable alternative has been proposed by Stewart [5] . The sensor, called a dual waveguide probe ( Fig. 1 , with lift-off gap), uses two waveguides to simultaneously measure the reflection and transmission coefficients thereby ensuring two independent measurements of the material under test (MUT). The sensitivity of the apparatus to waveguide alignment, MUT thickness, and flange thickness has been investigated [6] . One aspect of the dual waveguide probe that has yet to be investigated is its sensitivity to an air gap between the flange and the MUT (also known as probe lift-off error). The research presented in this paper investigates the dual waveguide probe's sensitivity to such a measurement error.
The paper will include theoretical development of the method, mainly application of Love's Equivalence Principle and the Method of Moments (MoM). It will also include a brief derivation of the two-layer, parallel-plate dyadic Green's function (magnetic current excitation) for gap-error mitigation, which to the authors' knowledge does not appear in the literature. Lastly, measurement results will be shown demonstrating the sensitivity of permittivity and permeability measurements (obtained using the dual waveguide probe) to air gaps. 
MFIE FORMULATION AND SOLUTION

Computation
The permittivity and permeability in (1) are iterated using a root-search algorithm (e.g., Newton's method) until the theoretical scattering parameters M , respectively, using Love's equivalence principle [7] . These equivalent currents emanate into the waveguide and parallel-plate regions with transverse magnetic fields given by [6] 1 (1) (1) (
In (2)- (4), n γ is the th n -mode propagation constant, (1) , (2) 
where n Z is the th n -mode wave impedance given in [6] - [7] and ˆn z = . It is important to recognize that the same equivalent currents were used in the waveguide and parallel-plate regions since the tangential electric fields at the apertures are continuous in the original geometry of Figure 1 .
The coupled MFIEs are formulated by equating the tangential magnetic fields at aperture 1 and 2, namely 
These coupled MFIEs can be solved using the MoM by first expanding the unknown currents in terms of the waveguide electric field normal modes and testing with the magnetic field normal modes (1)
{(8)} , {(9)} ... 1,..., ,
leading to the 2 2 N N × partitioned matrix equation given in [6] by (1) (1) (1)(2) (1)
Note, solution of this matrix equation leads to the final desired result 
The derivation of the two-layer parallel-plate dyadic Green's function for air-gap mitigation is developed next to complete the theoretical analysis.
GREEN'S FUNCTION DEVELOPMENT
The two-layer dyadic Green's function for a magnetic current immersed in the air gap of the parallel-plate region shown in Figure 1 can be found by solving the vector potential wave equations (for , , x y z α = 
EXPERIMENTAL RESULTS
In this section, the effects of lift-off error in dualprobe material characterization measurements are investigated. In addition, the theoretical analysis of Figures 2 and 3 , respectively. The baseline zero airgap data is shown in black. The blue traces represent the uncorrected data extraction (two-layer Green's function not applied) for the given air gap and the red traces represent the corrected data extraction (twolayer Green's function applied) for the given air gap. The root-mean-squared error (RMSE) results clearly show the validity and benefit of the two-layer Green's function air-gap mitigation analysis. It is anticipated that the inclusion of higher-order modes will significantly improve the results. Note, other gap scenarios showed similar trends as the data presented here, but were not included for the sake of brevity. 
CONCLUSION
The effects of lift-off (i.e., air-gap) error in dual probe material characterization measurements were investigated in this paper. The primary contribution was in the mitigation of this air-gap error using a rigorous MFIE formulation based upon Love's equivalence principle and a two-layer dyadic Green's function analysis. It was experimentally demonstrated that the air-gap mitigation analysis significantly improved the material parameter extraction results when compared to the single-layer uncorrected results ( 10 TE mode only considered). It is anticipated in future research that the inclusion of higher-order modes will have an important impact in improving the air-gap mitigation results.
